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The thesis investigates the solubility of various sodium salts present in the waste 
tanks at the Hanford nuclear site. The experiments were conducted in different 
concentrations of caustic and in water at 25°C and 50°C. The results obtained from these 
studies will be used to improve existing databases for the Environmental Simulation 
Program (ESP, available from OLI Systems, Inc.), thereby increasing its accuracy in 
predicting waste behavior under high ionic strength conditions. Experiments were 
performed on the following systems: 1) NaF - NaNO3 - NaOH, 2) Na3PO4 - NaNO3 - 
NaOH, 3) NaF - Na3PO4 - 1m NaNO3 - NaOH, and 4) NaF - Na3PO4 - 3m NaNO3 - 
NaOH. The results obtained from these experiments were then compared to the ESP 




the available literature data revealed that the data obtained from this study is in agreement 
with previous studies for the NaF - NaOH, NaNO3 - NaOH, and Na3PO4 - NaOH 
systems. This is the first report on solubilities for the Na - F - PO4 - OH system with 
added nitrate. 
The presence of sodium hydroxide was found to lower the solubility of 
natrophosphate, Na7F(PO4)2.19H2O. The solubility of this double salt was also 
significantly lowered in the presence of sodium nitrate. Error analysis of the experimental 
data was performed and indicated that the experimental molalities were accurate to within 
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1.1  Background 
 Large amounts of radioactive nuclear wastes and other hazardous wastes have 
been formed at various sites by the U.S. Government for military purposes. The Hanford 
site, located in the state of Washington, is the largest and one of the most important 
nuclear waste disposal sites. About 60% of the nation’s total nuclear waste is stored in 
large underground tanks within the 560 square-mile complex, located near Richland, 
Washington [1]. 
The Manhattan Engineers District of the Army Corps of Engineers and DuPont 
Corporation built the Hanford site in 1943 as part of the Manhattan Project. The original 
mission of the project was to produce plutonium for the world’s first atomic weapons. 
The mission successfully produced plutonium for the first explosion in Alamogordo, New 
Mexico (Trinity Bomb Test), and also for the atomic bomb dropped in Nagasaki, which 
brought World War II to an end [2]. The site was very active during the Cold War period. 
From the 1940’s to the late 1980’s, various defense programs were undertaken at the 
Hanford site. 
 Chemical separation plants generated much of the wastes at Hanford. During the 
Manhattan project and throughout the Cold War era, plutonium was extracted from
1 
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 uranium and other fission products contained in irradiated fuel rods using three major 
processes: Bismuth-Phosphate, REDOX, and PUREX. 
 The Bismuth-Phosphate batch process was performed at B and T plants from the 
mid 1940’s through 1956. Plutonium-239 was separated out and then dissolved and 
centrifuged with plutonium bearing solutions. The process generated large amounts of 
chemical and radioactive wastes. The highly acidic wastes were neutralized using sodium 
hydroxide before transfer to the underground tanks [3]. 
 From 1952 to 1967, the reduction-oxidation (REDOX) process was used. The 
solvent extraction process used nitric acid, aluminum nitrate, hexone, sodium dichromate, 
etc. These chemicals were sent as wastes to the underground tanks. 
From 1956 to 1988, the plutonium/uranium/recovery/extraction (PUREX) process 
replaced the bismuth phosphate and REDOX processes as the most advanced separation 
process at Hanford. It was capable of recovering plutonium, uranium, and other materials 
through a continuous extraction using organic solvents. After dissolution in nitric acid, 
the plutonium and uranium nitrates were transferred into the organic phase, while the 
fission products were removed in the aqueous phase. This process also generated less 
waste than the bismuth phosphate operation, producing only about 250 gallons of high-
level radioactive waste per ton of irradiated fuel. In contrast, the Bi-PO4 process 
generated over 10,000 gallons of waste per ton of irradiated fuel. Like the B and T plant 
wastes, the wastes from the PUREX plants were neutralized with sodium hydroxide and 
then sent to the waste storage tanks [3]. 
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All these plants used complex, toxic, and corrosive chemicals for their separation 
processes. The irradiated uranium fuel rods were dissolved in nitric acid at the separation 
plants. The nitric acid reduced the uranium-plutonium metal into a liquid state. Then the 
plutonium was separated out from the uranium nitrate solution and was sent to the 
Plutonium Finishing Plant to obtain pure plutonium metal [3]. 
During each and every step of the plutonium production, large amounts of 
unwanted chemicals and radioactive wastes were produced. These wastes were 
transferred through underground pipelines to tanks located near the separation plants. 
Even today, large quantities of these radioactive wastes are present in the tanks in the 
Hanford site and pose a problem to the environment. 
 Tank wastes have been accumulating since 1944 as a result of various national 
defense programs. The total tank waste is composed of about 53 million gallons of highly 
radioactive waste with 190 million curies of radioactivity [1]. There are about 240,000 
tons of chemicals in the tanks at the site. If these wastes were to be spread out over an 
area the size of an Olympic-sized swimming pool, they would be about 7000 feet in 
depth.  
There are 177 underground storage tanks; 149 are older single-shelled tanks and 
28 are relatively new double-shelled tanks. The single shelled tanks were made of carbon 
steel and were enclosed in steel-reinforced concrete. The double-shelled tanks each have 
a secondary steel shell and are equipped with a leak detection system. The concentrated 
liquid waste was sent to the double-shelled tanks and the precipitated salts were stored in 
the single shelled tanks. Many of the single shelled tanks have exceeded their design 
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lifetime and corrosion of the steel surface has started taking place. Approximately 1 
million gallons of waste from 67 of the single shelled tanks has been confirmed to have 
leaked into the ground [1]. Since the leakage from the tanks is highly toxic and highly 
radioactive, it presents a threat to human health and the environment, particularly to the 
Columbia River - an economic lifeline in the Pacific Northwest. The only permanent 
solution to this problem is to retrieve the wastes and treat them accordingly and close or 
stabilize the tank farms.  
 The liquid wastes were concentrated in evaporators in order to remove excess 
water before being transferred to the underground storage tanks. Waste fractions in the 
underground tanks at Hanford and other sites consist of sludge, saltcake, and supernatants 
[3]. Sludge solids were formed due to the neutralization of acid waste before transfer to 
the tanks. Supernatants are present in the tanks as pumpable liquid wastes. Saltcakes were 
formed from evaporation of the liquid wastes and consist of sodium salts of nitrate, 
nitrite, phosphate, fluoride, chloride, oxalate, sulfate, and other anions [4]. 
Removal of the liquid wastes is the first step of the remediation process. The next 
step is to rehydrate the saltcake by a process called saltcake dissolution. Here, water or 
caustic is added to the saltcake inducing dissolution and the liquor is retrieved out of the 
tank. During transfer and processing of the wastes from the tanks, changes in equilibrium 
conditions have led to the formation of unwanted solids in the transfer pipes, which in 
turn has led to plugging of the transfer lines. These solids are primarily simple salts, but 
formation of complex double salts can also occur.  
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Saltcakes and the plugs in pipelines at the Hanford site mostly consist of the 
sodium salts of phosphate, nitrate, and fluoride. The possible precipitates for a mixture of 
these species include: sodium fluoride (NaF), trisodium phosphate dodecahydrate 
(Na3PO4. 12H2O. 0.25 NaOH), sodium nitrate (NaNO3), and natrophosphate (Na7F(PO4) 2 
. 19H2O). Nitrate is the most abundant anion present in the waste. Herting [5] reported 
that about two thirds of the tank waste is sodium nitrate (by volume). It has been 
estimated that the tanks at Hanford contain approximately 102,345,000 kg of nitrate, 
11,600 kg of fluoride and 58,900 kg of phosphate [6]. Since the waste in the tanks 
contains large amounts of fluoride, phosphate and nitrate, the formation of these various 
salts is inevitable. Trisodium phosphate dodecahydrate crystals have been identified as 
the major constituent of the pipeline plugs at Hanford [4]. Natrophosphate is a complex 
double salt, which has been identified in tank core samples.  
 
1.2 Goals of this Research 
It is necessary to reliably predict the solubilities of the various species present in 
both the tanks and transfer pipelines in order to ensure that the undissolved solids content 
is within operating specifications and to prevent further plugging of transfer lines during 
retrieval operations. An aqueous electrolyte thermodynamics-modeling program, the 
Environmental Simulation Program (ESP), developed and marketed by OLI Systems, 
Inc., of Morris Plains, New Jersey, is being used by Site Operations at Hanford to predict 
solubilities during dilution and retrieval of all tank waste types [7].  
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The major goal of this research was to obtain solubility data for inclusion in the 
ESP database. Validation and enhancement of the PUBLIC database is necessary, as the 
code was originally developed to predict the compositions of solutions from off gas 
scrubbers [7]. The original database for the ESP model was developed to model solutions 
with low ionic strengths [8]. The tanks at the Hanford site, however, contain wastes with 
much higher ionic strengths. The results from these studies will be used to improve 
existing databases for the model, thereby increasing its accuracy in predicting waste 
behavior under high ionic strength conditions.  
A few solubility measurements have been performed in the past using the 
components of interest in this research project, namely NaF, NaNO3, Na3PO4, and NaOH 
and are discussed in the literature review section. Other than these studies, solubility data 
in the literature does not exist for any of the systems involving sodium with a 
combination of three or more of the anions:  fluoride, phosphate, nitrate and hydroxide. 
The data obtained from this research will be used to examine the interactions in systems 
involving any combination of the components in this system.   
Experiments are reported in connection with the following systems at both 25°C 
and 50°C: 1) NaF –NaNO3 – NaOH; 2) Na3PO4 – NaNO3 – NaOH; and 3) NaF – Na3PO4 
– NaNO3 – NaOH. Simulations were performed for these systems using the ESP 
software. Comparison of the ESP predictions and the experimental data was completed. 




1.3  Literature Review 
1.3.1  Sodium Fluoride 
Sodium fluoride is also known as Chemifluor, Dentalfluoro, Ossalin, Duraphat, 
Fluoros, Slow-Fluoride and Zymafluor [9]. The molecular weight of sodium fluoride is 
41.99 g/gmol with 45.25 wt.% F, and 54.75 wt.% Na. Sodium fluoride is prepared by 
fusing cryolite (Na3AlF6) with NaOH or by the addition of NaOH/Na2CO3 (equivalent 
amounts) to 40 wt.% HF. NaF is highly poisonous and is soluble in water and insoluble in 
alcohol. The crystals of sodium fluoride are usually cubic or tetragonal.  
NaF is used as an insecticide, as a steel degassing agent, in electroplating, in 
fluorination of drinking water, as a disinfectant in breweries and distilleries, as a 
constituent of vitreous enamels and other glass mixes in glass industries, as a wood 
preservative and in removal of HF from exhaust gases to reduce air pollution [10]. The 
properties of NaF are tabulated in Table 1.1. 
 
1.3.2  Sodium Nitrate 
Sodium nitrate is found as a mineral in Chile and other parts of South America. 
Sodium nitrate is also known as Chile saltpeter, cubic niter and soda niter. The molecular 
weight of sodium nitrate is 84.995 g/gmol with 16.48 wt.% of N, 27.05 wt.% of Na, and 
56.47 wt.% of O [10]. It is found as a colorless white powder, or as granular transparent 
crystals, which liquefy when moist air is absorbed. NaNO3 is highly soluble in water and 
sparsely soluble in alcohol. 
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Sodium nitrate is used in the manufacture of nitric acid, as a catalyst in the 
manufacture of sulfuric acid, in the manufacture of nitrite, glass, matches, pickling meats, 
and for improving the burning properties of tobacco. Technical grade NaNO3 is used as a 
fertilizer [9]. The properties of NaNO3 are tabulated in Table 1.1. 
  
1.3.3  Sodium Phosphate Dodecahydrate 
This compound is also known as trisodium phosphate (TSP), trisodium 
orthophosphate and Oakite. The molecular weight of sodium phosphate dodecahydrate is 
380.124 g/gmol. Without the 12 moles of hydration water, the molecular weight is 163.94 
g/gmol with 42.07 wt.% of Na, 39.04 wt.% of O, and 18.89 wt.% of P [10]. The 
dodecahydrate crystals are long, rod-like white hexagonal crystals. Sodium phosphate is 
soluble in water and insoluble in alcohol. 
Trisodium phosphate is used in photograph developing, clarifying sugar, 
removing scale in boilers, softening of water, paper manufacturing, leather tanning, 
detergents, and laundering [9]. The properties of sodium phosphate dodecahydrate are 
tabulated in Table 1.1. 
 
1.3.4  Sodium Hydroxide 
Sodium hydroxide is also known as caustic soda, soda lye and sodium hydrate. 
The molecular weight of sodium hydroxide is 39.997 g/gmol with 2.52 wt.% H, 57.48 
wt.% Na, and 40.00 wt.% O. Sodium hydroxide is prepared by reacting calcium 
hydroxide with sodium carbonate, by electrolysis of sodium chloride, or by the reaction 
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of sodium metal and water vapor at low temperature [9]. Sodium hydroxide rapidly 
absorbs CO2 and water from the air. It is very corrosive to animal and vegetable tissue 
and also to metals in the presence of moisture. Sodium hydroxide is highly soluble in 
water. Generally, considerable heat is evolved when sodium hydroxide is added to water. 
The crystals are white orthogonal.  
Sodium hydroxide is used to neutralize acids, to remove sulfuric and organic 
compounds in petroleum refineries, to treat cellulose in making viscose rayon and 
cellophane, to dissolve casein in making plastics, in soap manufacture and as an alkalizer 
in pharmaceuticals. The properties of NaOH are tabulated in Table 1.1. 
 
1.3.5  Solubility Data for the NaF - NaOH System 
Nagorski and Nowosselow [11] performed experimental studies on the solubility 
of NaF in NaOH solutions at various temperatures. Seidell [12] reports the results of the 
work of Nagorski and Nowosselow as tabulated in Table 1.2. 
 
1.3.6 Solubility Data for the Na3PO4 - NaOH System 
 Seidell reports solubility data for the trisodium phosphate - water system based on 
the studies performed by various workers as shown in Table 1.3. Table 1.4 shows the 
solubility measurements performed on Na3PO4 - NaOH system at elevated temperatures 
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Table 1.2. Solubility of NaF in Aqueous Solutions of NaOH. 
 
0o C 20o C 40o C 80o C 94o C Wt. % NaOH in 
solvent Gms. NaF per 100 gms. Sat. Solution 
0.0 3.99 4.10 4.47 4.48 4.73 
0.81 3.49 3.40 3.51 3.56 3.47 
1.67 - 2.89 - - - 
2.30 2.65 2.70 2.81 2.82 3.03 
2.70 2.37 2.45 2.70 2.84 2.73 
5.66 - 1.68 - - - 
7.90 - 1.25 - - - 




Table 1.3. Solubility of Na3PO4 in Water. 
 
[14] [15] [16] [17] [18] [19] T 
(o C) Gms. Na3PO4 per 100 gms. H2O 
0 5.38 4.43 1.49 4.4 - - 
10 - - 4.10 8.22 - - 
20 - - 11.0 12.1 - 12.9 
25 14.53 11.08 15.5 13.7 15.5 17.5 
30 - - 20.0 16.3 - - 
40 23.3 20.0 31.0 20.2 - - 
50 - - 43.0 29.4 - - 
55 - - - 35.5 - - 
60 46.2 40.3 55.0 39.7 - - 
65 - - - 43.3 - - 
70 - - - 48.5 - - 
75 - - - 54.2 - - 
80 68.0 61.5 81.0 - - - 
100 94.6 86.7 107.7 - - - 
105 - - - - 99.2 - 
[14] Wendrow and Kobe, 1952; [15] Kobe and Leipper, 1940; [16] Mulder, 1864; 














































1.3.7 Solubility Data for the NaNO3 - NaOH System 
 Seidell [12] has also reported NaNO3 - H2O solubility data at various 
temperatures. Engel recorded some solubility data for the NaNO3 - NaOH system at 0°C 
[20]. Kurnakow and Nikolajew have measured data for the NaNO3 - NaOH system at 










Gms. NaNO3 per 100 











Table 1.6. Solubility of NaNO3 in NaOH. 
 
0°C 25°C 65°C 
NaOH NaNO3 NaOH NaNO3 NaOH NaNO3 
Gms. per 100 gms. sat. sol. Gms. per 100 gms. sat. sol. Gms. per 100 gms. sat. sol. 
0.0 56.5 3.33 42.21 3.10 51.63 
2.30 53.19 9.38 32.94 11.13 39.68 
4.89 48.63 11.14 30.15 15.08 34.29 
10.21 4042 21.70 16.01 21.84 26.13 
20.83 25.10 49.64 5.13 29.97 19.42 
31.25 14.89 52.19 0 47.06 11.60 
36.76 11.22     






1.3.8  Solubility Data for the NaF - Na3PO4 - NaOH System 
 In his dissertation work at the University of Tennessee, Weber performed a 
critical review of available literature data for the sodium-phosphate-fluoride system and 
developed a thermodynamic model to represent the observed behavior as a function of 
temperature [22]. 
 Mason and Ashcraft performed phase studies on the NaF - Na3PO4 - H2O system 
at 25°C and 40°C [23]. The sodium fluoride diphosphate double salt was first positively 
identified and described by Mason and Ashcraft in 1939. Very little literature data on the 
solubility studies done by Mason and Ashcraft exist. A ternary phase diagram of the NaF 
- Na3PO4 - H2O system was generated by Mason and Ashcraft. Dan Herting, in his Clean 
Salt Process Final Report [24], reproduced this ternary diagram (Figure 1.1) and called 
this a "distorted" diagram. It is called a "distorted" diagram because some regions are 
drawn to appear larger than they actually are. This figure was intended to show only the 
relationships among the regions and not to show any quantitative data. Pure component 
solubilities (points A, D, and E) are known from the literature data, but the invariant 
points (B and C) are not known with a high degree of accuracy. 
Herting conducted solubility experiments on the NaF - Na3PO4 - NaOH system in 
0, 1, and 5 m caustic solutions at various temperature conditions [24]. Toghiani and 
Lindner performed more solubility measurements on the NaF - Na3PO4 - NaOH system 
to provide additional solubility data for natrophosphate in caustic solutions [25]. The 
results of Herting's solubility studies are compiled in Table 1.7. 





     
 
 
Figure 1.1. Herting's "Distorted" Ternary Diagram of the NaF - Na3PO4 - H2O System 























Weight Percentage Weight Percentage 
75 1.82 1.62 0.45 16.6 11.7 5.6 
65 1.46 1.23 0.27 14.7 9.1 4.0 
65 1.13 0.95 0.08 13.2 7.7 3.6 
55 0.89 0.83 0.07 11.8 6.8 3.1 
45 1.18 0.59 0.14 8.3 4.4 1.2 
35 1.10 0.47 0.12 7.7 3.4 0.75 
25 1.55 0.29 0.09 11.3 2.0 0.56 
25 0.84 0.32 0.07 6.0 2.2 0.56 





EXPERIMENTAL METHODS AND MATERIALS 
 
2.1 Systems 
 The major focus of the research was on the sodium-fluoride-nitrate-phosphate-
hydroxide system. Table 2.1 provides a summary of the systems and the conditions of 
each study. 
 









NaF – NaNO3 – NaOH 
 
0, 1, 3, and 5 
 
25°C and 50°C 
 
Na3PO4 – NaNO3 – NaOH 
 
0, 1, and 3 
 
25°C and 50°C 
 
NaF – Na3PO4 – 1 m NaNO3 – NaOH 
 
0, 1, and 3 
 
25°C and 50°C 
 
NaF – Na3PO4 – 3 m NaNO3 – NaOH 
 
0, 1, and 3 
 
25°C and 50°C 
 
In all systems, the molality of hydroxide ion was held constant and the 
concentrations of fluoride, phosphate, and nitrate were varied. In the NaF – Na3PO4 – 
NaNO3 – NaOH system, both hydroxide and nitrate concentrations were held constant 




2.2  Model Simulation 
Solution preparation was based on results obtained from predictions using the 
Environmental Simulation Program (ESP). The model was used to calculate the solid-
liquid equilibrium concentrations, under the conditions identified in Table 2.1. 
A process was created within ESP. An appropriate chemistry model was also 
created within the new process.  The input chemicals were defined and included NaF, 
Na3PO4, NaNO3, NaOH, and H2O. Using the separation block within the process build 
portion of ESP, the required amounts of each chemical were supplied as input. The 
appropriate temperature, pressure and flow rate were also specified. The output stream 
was calculated by the process analyzer. ESP predicted the amount of solids and the 
aqueous phase concentrations of key anions and cations and partitioned these quantities 
into two outlet streams (one containing the solid; one containing the aqueous solution). 
Simulations were run until a small weight of solids for the respective systems were 
predicted. Predictions were obtained over the full range of concentrations for anions of 
interest under the experimental conditions summarized in Table 2.1.  These calculations 
provided information regarding the speciation in the solid phase as well as partitioning of 
the input chemicals between the solid and liquid phases. Typical predictions are shown in 











Table 2.2. Predicted Solid-Liquid Equilibria for the NaF - NaNO3 - 5m NaOH 
System at 50°C. 
 
Stream .4F5H0N .3F5H1N .3F5H3N .3F5H5N .2F5H7N .1F5H7N 0F5H7N 
AQUEOUS        
  H2O 954.65 922.59 861.52 806.97 759.00 759.61 760.03 
  F ION 1.64 1.34 0.95 0.71 0.56 0.34   
  NaF 2.08 1.88 1.53 1.24 1.03 0.63   
  Na2F ION 2.73 3.08 3.68 4.15 4.50 2.78   
  NO3 ION   56.63 158.57 247.57 320.38 320.30 319.94 
  NaNO3   0.79 2.31 3.58 4.50 4.51 4.52 
  Na ION 110.75 127.58 157.68 183.94 205.12 205.51 205.99 
  OH ION 81.18 78.45 73.26 68.62 64.54 64.59 64.63 
  Total g 1153.02 1192.35 1259.49 1316.79 1359.62 1358.28 1355.11 
  Volume, L 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
  Density, g/L 1156.60 1194.40 1261.70 1319.00 1365.00 1363.30 1360.60 
  Abs Visc, cP 1.61 1.76 2.07 2.42 2.79 2.77 2.75 
  pH 14.11 14.18 14.33 14.48 14.61 14.61 14.61 
  Ionic Strength 5.09 6.07 8.03 9.99 11.85 11.82 11.79 
SOLIDS        
  NaNO3         7.91 8.36 9.10 
  NaF 8.57 4.79 4.84 4.66 1.21     
  Total g 8.57 4.79 4.84 4.66 9.11 8.36 9.10 
  Volume, L 3.08E-03 1.72E-03 1.74E-03 1.68E-03 3.94E-03 3.71E-03 4.03E-03 
  Density, g/L 2780.70 2780.70 2780.70 2780.70 2314.70 2256.90 2256.90 
 
 
In Table 2.2, the units for various species in the aqueous stream and for the solids 
are grams. The molalities of the anions of interest were calculated from the outlet stream 































where Wi is the weight of a fluoride-bearing species in the solution ( i = NaF, Na2F+, F- ), 
MWi is the molecular weight of the species i, and WH2O is the weight of water. ESP also 
gives the output in form of molalities. However, grams were used to determine the 
amount of solids formed in the stream for the respective inputs of the solids. Hence, the 
output with units as grams was used for back calculating the molalities of the ions. 
In a similar manner, the molalities of both nitrate and phosphate anions were 
determined. The molalities of the anions in the solution were then plotted to generate the 
solubility envelope for the system.  An example of a solubility envelope generated in this 
fashion is shown in Figure 2.1. 
 
 





 The solubility envelope shown is typical of a common ion ternary system such as 
NaF - Na3PO4 - H2O.  For this system, the solubility envelope has three distinct regions: a 
horizontal portion located near the pure component sodium phosphate solubility, which 
corresponds to low fluoride loadings (0 to ~ 0.025 m F); a vertical portion located near 
the pure component sodium fluoride solubility, which corresponds to low phosphate 
loadings (0 to ~ 0.03 m PO4); and a middle portion, which is a curve that serves to 
connect the horizontal and vertical portions. Each portion of the solubility envelope is 
associated with the presence of different species as the solid phase precipitate.  The 
solubility envelope represents the composition of the liquid solution in equilibrium with a 
solid phase.  In the horizontal portion of the solubility envelope, liquid solution 
containing both fluoride and phosphate ions is in equilibrium with solid trisodium 
phosphate dodecahydrate (Na3PO4.12H2O. 0.25NaOH). In the middle portion of the 
solubility envelope, liquid solution containing both fluoride and phosphate ions is in 
equilibrium with solid natrophosphate, a double salt (Na7F(PO4) 2. 19H2O). In the vertical 
portion of the solubility envelope, liquid solution containing both fluoride and phosphate 
ions is in equilibrium with solid sodium fluoride (NaF).  At the invariant point connecting 
the horizontal portion to the curve, two species are present in the solid phase:  trisodium 
phosphate dodecahydrate and natrophosphate. Similarly, at the invariant point connecting 
the curve to the vertical region, two species are also present in the solid phase:  
natrophosphate and sodium fluoride. Solids are formed and are present at overall 







All chemicals used were ACS grade or better with assays of > 99% purity. 
Chemicals were obtained from Fisher Scientific® (NaOH), SIGMA Chemical Company® 
(Na3PO4. 12H2O), ALDRICH Chemical Company® (NaNO3) and Advance Research 
Chemicals, Inc.® (NaF). Standards required for ion chromatography (IC) were obtained 
from Inorganic Ventures, Inc., and were traceable to the National Institute of Science and 
Technology (NIST). 
 
2.4  Experiment 
2.4.1  Solution Preparation 
 Solutions of the appropriate sodium salt mixtures in water and in 1, 3 and 5 molal 
caustic solutions were prepared gravimetrically.  Appropriate amounts of the required 
combinations of NaF/NaNO3/Na3PO4 were weighed on an analytical balance accurate to 
+ 0.0001 g. The solids were then added to approximately 20 grams of the solution, which 
had been previously weighed. The mixture was shaken vigorously, either by hand or by 
using a shaker table, in order to ensure complete dissolution of the solids. In some cases, 
when the solids did not dissolve completely, the mixture was left at elevated temperature 
for a few minutes.  In extreme cases, a few hours at elevated temperature were needed to 




50°C for at least two weeks. Shaking of each mixture was performed daily. Figure 2.2 
shows the solids formed after the two-week equilibration period. 
 
Figure 2.2. Solids Formation after the Equilibration Period for NaF - NaNO3 - 1 m 
NaOH Mixture at 50°C. 
 
 
2.4.2  Sample Analysis 
Following the equilibration period, the samples were filtered under vacuum. The 
filtration process was carried out at the equilibrium temperature using a ceramic filter 
connected to a circulating water bath. A known weight of water was added to the 
collection flask before the filtration process began. This prevented the formation of 
additional solids (from a decrease in temperature arising during filtration). The diluted 
filtrate collected was diluted a second time using de-ionized water to adjust the sample 




chromatography (IC) system for the particular anion of interest. Details of the dilution 
calculations are given in Appendix A. 
 
2.4.3  Ion Chromatography 
A Dionex 500 series Ion Chromatograph (Figure 2.3) was used to perform anion 
analyses. The main components of the system consist of an eluent generator, a gradient 
pump, an injector, a guard column, a separator column, an electrochemical detector, and a 
computer [26]. 
The mobile phase used was KOH. The mobile phase eluent, KOH, was sent into 
the column using an injector. The liquid sample to be analyzed was introduced at the top 
of the separator column. The ionic eluent, KOH, was pumped through the separator 
column. Separation was the result of the differential migration of the sample’s ions 
through the column due to the ion size and their affinity for the column. The effluent 
from the column was then sent to a suppressor column, in order to reduce the background 
conductivity of the eluent [27]. Detection was performed using an electroconductivity 
detector. The chromatogram obtained from the IC consisted of a plot of conductivity as a 
function of elution time. Each ion generated a peak in the chromatogram. The ions were 
identified from the IC calibration, on the basis of elution times, determined during 
calibration. 
The response for the IC was linear within the calibration range for each particular 
ion. The range varied for each ion accordingly. Multiple concentrations were used to 




the ion concentration for fluoride, phosphate, and nitrate ions. All calibration curves were 
linear over the ranges analyzed. The ppm used is in terms of mg/L. Appendix A shows 





Figure 2.3. Block Diagram of the Ion Chromatograph [28]. 
Components numbered in the figure are as follows:  1. Guard Column; 2. 




Sample concentrations were determined using these calibrations of the 
concentrations for the prepared samples, accounting for the dilution steps following 
solution separation and sample preparation. Measured concentrations were then 






Figure 2.4. IC Calibration Curves for Different Anions. 
 
2.4.4  Solids Identification 
The filter paper retaining the solids was removed from the funnel after filtration.  
It was placed in a petri dish, which was subsequently placed in an oven at an elevated 
temperature of 50°C. This allowed both filter paper and retained solids to dry.  Once dry, 
the filter paper with solids was weighed.  This allowed a determination of the weight of 
solids formed during the equilibration process.  The obtained crystals were identified 
using an Olympus® BX-50 Polarized Light Microscope (PLM). 
Three objective lenses of magnifications (10X, 20X and 40X) were used. These 
lenses were coupled with an eyepiece of magnification 10X to give a total magnification 
of 100X, 200X and 400X, respectively [29].  Color images of the solids were obtained 




Software (Version 4.0, Media Cybernatics) was used to analyze the particle images. 
Figures 2.5 through 2.8 provide a selection of representative images obtained during this 
work. 
The crystal images were compared to Herting's database on solid phases [30] and 
also with crystal images available in the literature, especially in the works done by Bell 
[31] and Quimby [32] on the sodium phosphate crystals. 
 
Figure 2.5. NaNO3 Crystal (200 X). 
 
 


















2.5 Problems Encountered 
While preparing the sample solutions for the salt system, NaF-Na3PO4-NaNO3-
NaOH, difficulties were encountered. The dissolution of solids in this more complex 
system was much more difficult than the previous two subsystems due to the presence of 
four components. Various dissolution sequences were tried.  For example, sodium nitrate 
was first dissolved in NaOH, followed by the addition of NaF, and then Na3PO4. A 
second sequence used involved Na3PO4 being dissolved in NaOH followed by addition of 
NaF, and then NaNO3. It was determined through experiments that the preferred 
sequence to dissolve all the salts in this system was to add NaF first to the NaOH solution 
and then to add NaNO3 to the dissolved NaF - NaOH mixture. Na3PO4 was then added to 
the NaF - NaNO3 - NaOH solution. NaF always seemed to dissolve better in caustic 




RESULTS AND DISCUSSION 
 
3.1 Introduction 
Solubility experiments were performed under controlled temperature and caustic 
concentration conditions. The results obtained from the experiments are presented in this 
chapter. Solubility data for the following systems have been determined and analyzed at 
both 25°C and 50°C: 1) NaF - NaNO3 – NaOH; 2) Na3PO4 - NaNO3 – NaOH; 3) NaF - 
Na3PO4 - 1 m NaNO3 – NaOH; and 4) NaF - Na3PO4 - 3 m NaNO3 - NaOH. Error 
analysis was performed on the experimental results obtained from this study (Appendix 
E) and the error analysis charts are given in Appendix F. 
 
3.2 Comparison with Available Literature Data 
Comparision of the experimental data obtained for the single component 
solubilities (described in more detail below) with the available literature gives an 
indication of the quality of the results. Figure 3.1 shows a comparision of the 
experimental data with the data generated by Kurnakow and Nikolajew for the NaNO3 - 
NaOH system at 25°C [21]. It can be clearly seen that the measurements that constitute 
this research are almost identical to the previous work on the same system.  The ESP 
30 
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predictions, however, are correct only for the solubility of sodium nitrate in aqueous 
solution. As the hydroxide loading is increased, the deviation between the ESP prediction 
and the experimental data increased. The close agreement between the experimental 
measurements in this work and the literature data validate the experimental methods used 
to measure solubility in this work. Most of the thermodynamic information for pure 
components that is contained in the PUBLIC database of the ESP is based on solubility of 
these components in water. Thus, results are not expected to be different at low ionic 
strengths, but variations are expected at the conditions of waste in the Hanford tanks. 
 
Figure 3.1. Comparision of Experimental and Literature Data for the NaNO3 - NaOH 
System at 25°C. 
 
Figure 3.2 provides a comparision of the results obtained in the present work with 
those reported by Nagorski and Nowosselow [11] for the NaF - NaOH system. The 
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literature data are reported at 20°C. The experimental data measured in this work are in 
good agreement with the literature data.  
 
Figure 3.2. Comparision of Experimental Data at 25°C and Literature Data at 20°C 
for the NaF - NaOH system. 
 
 
3.2.1 Pure Component Solubilities 
 Tables 3.1, 3.2, and 3.3 show the solubility comparisons at both 25 and 50ºC of 
pure sodium fluoride, sodium nitrate, and trisodium phosphate dodecahydrate, 
respectively. The scatter present in the solubility of sodium fluoride is not uncommon. It 
can be attributed to the fact that pure sodium fluoride is very difficult to prepare at high 
purity. Hence, a lot of scatter is present for the NaF solubility throughout the literature. 
The experimental results agree well with the available literature data for the NaNO3 pure 
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component solubility, whereas sodium phosphate experimental data varied significantly 
from the available data.  
 
 
Table 3.1. Comparison of Sodium Fluoride Solubility in H2O at 25oC and 50oC. 
 
 
Sodium Fluoride Solubility in H2O (molality) 
Data Source   
 25oC 50oC 
   
Linke [33] 1.00 1.07 
   
CRC Handbook 0.95 1.03 
   
ESP Prediction 0.99 1.08 
   
Experiment- I  1.03 0.92 
   
Experiment- II  0.95 0.91 













Experiment- I: Results obtained from this study  
Experiment- II: Results from previous solubility study experiments performed by  







Table 3.2. Comparison of Sodium Nitrate Solubility in H2O at 25oC and 50oC. 
 
Sodium Nitrate Solubility in H2O (molality) 
Data Source   
 25oC 50oC 
   
Linke [33] 10.95 13.53 
   
CRC Handbook 10.86 13.53 
   
ESP Prediction 10.91 13.8 
   
Experiment- I  10.63 13.18 
   
Experiment- II  10.8 12.79 




Experiment- I: Results obtained from this study  
Experiment- II: Results from previous solubility study experiments performed by  







Table 3.3. Comparison of Trisodium Phosphate Solubility in H2O at 25oC and 50oC. 
Experiment- I: Results obtained from this study 
  
3.3  Sodium-Nitrate-Fluoride-Hydroxide System 
The sodium-nitrate-fluoride system was studied at both 25°C and 50°C in water 
and in 1, 3, and 5 m hydroxide solutions. Initially, predictions were obtained for the 
system using ESP at the various conditions of interest. A sample ESP output file for input 
concentrations of 0.2 m NaF and 7 m NaNO3 in 5 m NaOH at 50°C is shown in Table 
3.4. The ESP predictions of the solubility envelopes at 25°C and 50°C are shown in 
Figures 3.3 and 3.4, respectively. 
The ESP model predicts that the only solids present are sodium fluoride and 
sodium nitrate at both 25°C and 50°C. The data are described by a smooth curve in the 
 
Trisodium Phosphate Solubility in H2O (molality) 
Data Source   
 25oC 50oC 
   
Linke [33] 0.36 0.75 
   
CRC Handbook 0.37 0.76 
   
ESP Prediction 0.68 1.67 
   
Experiment- I 0.54 1.43 




solubility envelope leading up to a discontinuity. In this region (0 m NO3 to the location 
of the discontinuity), sodium fluoride is the solid in equilibrium with the liquid phase 
composition. At the discontinuity, commonly referred as the invariant point, NaF and 
NaNO3 solids are in equilibrium with a liquid of constant composition. At nitrate 
concentrations larger than that at the invariant point, the only solid present is sodium 
nitrate.  The Na-NO3-F system does not form a double salt.  Thus, only a single invariant 
point is present on the solubility envelope. 
Table 3.4. Sample ESP Output File for NaF - NaNO3 -5 m NaOH at 50°C. 
 
 
Stream Species Weight (g) 
AQUEOUS   
H2O 759.00 
F-  0.56 
NaF 1.03 




Na + 205.12 
OH - 64.54 
Total g 1359.62 
Volume, L 1.00 
Density, g/L 1365.00 
Absolute Viscosity, cP 2.79 
pH 14.61 




Total g 9.11 
Volume, L 3.94E-03 




Figure 3.3. Solubility Envelopes Predicted by ESP for the NaF - NaNO3 – NaOH 
System at 25oC. 
Figure 3.4. Solubility Envelopes Predicted by ESP for the NaF - NaNO3 - NaOH 







The ESP model predicts a decrease in solubility with an increase in caustic 
concentration at both 25°C and 50°C.  
As described in the experimental section, solution preparation was based on the 
ESP predictions. Solids were added to the solvent at 15-20% above the predicted 
molalities of the dominant anions at saturation. In this way, it was expected that solids 
would form during the equilibration period. The experimental procedures cited in Chapter 
2 were followed. The mass of each salt added to the water/caustic solution was calculated 





)lt *  of the sa* Mol. Wt.(Molality  added alt to be Grams of s =  
Experiments were performed under constant temperature conditions. The 
concentrations were obtained after the filtration and dilution processes described in 
Section 2.4. Obtained solubility data are compared to the ESP predictions in Figures 3.5 
and 3.6, and experimental values are tabulated in Tables B.1 to B.8. with uncertainties. 
Results and model predictions at 25°C are given in Figure 3.5. The predictions are 
the solid lines with filled symbols and the open symbols represent the experimental 
results obtained. In the majority of cases, the experimental fluoride concentrations were 
found to be slightly lower than the ESP predicted values. Error analysis was performed to 
estimate the uncertainty in each experimental value. Even with the consideration of the 
uncertainty, it was concluded that ESP slightly overpredicts the anion concentration at 
saturation in this system. Appendix F outlines the error analysis method. The estimated 
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uncertainties in the data obtained from the error analysis are tabulated along with the 
experimental results in Appendix B. 
 
Figure 3.5. Comparision of Experimental Data with ESP Predictions for the NaF - 
NaNO3 - NaOH system at 25°C.  
A comparison plot of the experimental data and ESP predictions for the system at 
50°C is presented in Figure 3.6. In most cases, the concentrations of both nitrate and 
fluoride anions were below the predicted values.  Comparision of the experimental 
solubilities in water and in caustic solutions of differing concentration at both 25°C and 
50°C indicates that the solubility in the NaF - NaNO3 - NaOH system is strongly 













Figure 3.6. Comparision of Experimental Data and ESP Predictions for the NaF - 
NaNO3 - NaOH System at 50°C. 
Solids formed in the solutions during the equilibration period were identified 
using Polarized Light Microscopy.  Representative images of the sodium fluoride and 










Figure 3.7. PLM Image of Sodium Fluoride Crystal (200 X). 









3.4 Sodium - Phosphate - Nitrate - Hydroxide System 
 The experiments for the Na3PO4 - NaNO3 - NaOH system were done at both 25°C 
and 50°C in water, 1 m, and 3 m sodium hydroxide solutions. Previous measurements for 
the Na3PO4 - NaOH system and the Na3PO4 - NaF - NaOH system were performed at 
DIAL in Mississippi State University [25]. No literature data are available for the Na3PO4  
- NaNO3 - NaOH system. Solubility envelopes obtained from ESP predictions are given 
in Figure 3.9. ESP predictions, experimental measurements and uncertainties are 
tabulated in Tables C.1 to C.6. 
Figure 3.9. Solubility Envelopes Predicted by ESP for the Na3PO4 - NaNO3 – NaOH  




For this system at 25°C, the solids predicted to be present at equilibrium were 
trisodium phosphate dodecahydrate (Na3PO4. 12H2O. 0.25NaOH) and sodium nitrate. The 
smooth curve in the solubility envelope to the left of the invariant point represents the 
liquid composition in equilibrium with trisodium phosphate dodecahydrate solids. The 
lower shelf of the envelope to the right of the invariant point represents the liquid 
composition in equilibrium with sodium nitrate solids.  At the invariant point, the liquid 
solution is in equilibrium with a mixture of sodium nitrate and trisodium phosphate 
dodecahydrate solids.  The experimental data at 25°C are compared with the ESP 
predictions in Figure 3.10. The ESP predictions are shown as solid lines with filled 
symbols, while the open symbols represent the experimental results obtained. 
Examination of Figure 3.10 indicates that the experimental data are significantly different 
from the ESP predictions in water at 25°C. ESP predicts much larger solubilities as 
compared to the experimental data, for the range of nitrate concentrations typically found 
in the Hanford waste (up to approximately 6 m nitrate).  
The model predictions for this system in the 1 m and 3 m hydroxide solutions and 
the experimental data under these conditions are in good agreement, for the majority of 
the nitrate concentration range examined. The solid phases obtained for this system at 
25oC during the experiment were Na3PO4.12H2O.0.25NaOH and NaNO3. The solid 
phases have been tabulated in Tables C.1 to C.6 along with the experimental data. The 
solubility envelopes generated by ESP for the Na3PO4 - NaNO3 – NaOH system at 50°C 






Figure 3.10.  Comparison of Experimental Data and ESP Predictions for the Na3PO4 - 
NaNO3  - NaOH System at 25oC. 
Figure 3.11. Solubility Envelopes Predicted by ESP for the Na3PO4 - NaNO3 – NaOH 





The experimental data and ESP predictions for the system at 50°C are shown in 
Figure 3.12. At 50°C, ESP predicts that the stable solid phase for phosphate is trisodium 
phosphate octahydrate (Na3PO4. 8H2O) while the stable solid phase for nitrate is sodium 
nitrate. The smooth curve represents the liquid solution in equilibrium with trisodium 
phosphate octahydrate solids while the lower shelf represents the composition of liquid 
solution in equilibrium with sodium nitrate solids. Here the solubility curves formed by 
the experimental data are significantly different from the ESP-predicted values. Error 
analysis did not reveal that the experimental data had significant error. The error 
associated with experimentally measured molalities ranged from <0.01 to 0.09 for the 
phosphate ion and <0.01 to 0.25 for the nitrate ions. ESP overestimates the solubility 
envelope for the system at 50°C in water and in 1 m and 3 m caustic solutions. 
Figure 3.12. Comparison of Experimental Data and ESP Predictions for the Na3PO4 - 





 In the experiments, the solid phase identified was the trisodium phosphate 
octahydrate salt.  These crystals were much smaller in size when compared to the 
dodecahydrate crystals formed at 25oC. The solids formed in the solutions after the 
equilibration period were identified using Polarized Light Microscopy. Select sample 
images are shown in Figures 3.13 through 3.15. The phosphate solids (Figure 3.13) 
formed at 25°C are long rod-like crystals. These are the dodecahydrate solids of 
phosphate (Na3PO4. 12H2O. 0.25NaOH). The needle-like phosphate crystals (Figure 3.14) 
were formed at 50°C. These crystals were identified as trisodium phosphate octahydrate 
crystals by comparing them to the crystal images of Na3PO4. 8H2O generated by Bell 
[31]. Sodium nitrate crystals (Figure 3.15) were formed at both 25°C and 50°C.  
 
 









Figure 3.14. PLM Image of Trisodium Phosphate Orthohydrate Crystal (200 X). 
 






















3.5 Sodium - Fluoride - Phosphate - Nitrate - Hydroxide System 
3.5.1 NaF - Na3PO4 - NaNO3 - NaOH System at 25°C 
 After the concentrations of the fluoride and phosphate ions in the solution were 
calculated, the molality of fluoride was plotted against the molality of phosphate using 
the ESP results. Similar to the other systems examined in this work, ESP predicted a 
decrease in solubility with an increase in the caustic concentration. This behavior was 
also observed in the experimental data at both 25°C and at 50°C.  This decrease in the 
solubility is attributed to the common ion effect [17]. 
             
 This four-component system was the most complex of all systems examined in 
the present work. Experiments for the NaF - Na3PO4 - NaNO3 - NaOH system were 
performed at both 25°C and 50°C in water, 1 m and 3 m sodium hydroxide solution. 
Samples were prepared at two different loadings of sodium nitrate, 1 and 3 m.  Literature 
data are not available for this system, however, based on earlier experimental work in the 
laboratory [25], it was determined that the solubility of natrophosphate 
[Na7F(PO4)2.19H2O] is significantly lowered in the presence of sodium hydroxide.  The 
experiments in the present effort were designed to evaluate the impact of sodium nitrate 
on the solubility of natrophosphate.  ESP simulations were performed at all the 
experimental conditions.  Experimental results are tabulated in Tables D.1 to D.12 along 





 For the NaF - Na3PO4 - 1 m NaNO3  - NaOH system at 25°C, the solids predicted 
to form were trisodium phosphate dodecahydrate (Na3PO4.12H2O.0.25NaOH), 
natrophosphate [Na7F(PO4)2.19H2O] and sodium fluoride (NaF). The horizontal portion of 
the curve in the solubility envelope leading up to the first invariant point represents the 
composition of liquid solution in equilibrium with pure trisodium phosphate 
dodecahydrate solids. At the first invariant point, liquid solution will be in equilibrium 
with a mixture of the dodecahydrate solid and natrophosphate. Along the smooth curve of 
the solubility envelope, liquid solution is in equilibrium with the double salt, 
natrophosphate.  At the second invariant point, liquid solution will exist in equilibrium 
with a mixture of natrophosphate and sodium fluoride solids.  Along the lower shelf of the 
solubility envelope, sodium fluoride solids will be in equilibrium with liquid solution. 
 The data obtained from the experiments in 1 m NaNO3 are compared to the ESP 
predicted values at 25°C in Figure 3.16. The ESP predictions are represented as filled 
symbols connected by solid lines while the open symbols are used to represent the 
experimental values. Again, in aqueous solution, the solubilities of both trisodium 
phosphate and natrophosphate measured experimentally are significantly lower than the 
solubilities predicted by ESP.  In 1 and 3 m NaOH solutions, there were no significant 
differences between the experimental data and the ESP predictions.  The presence of 
caustic in the solution resulted in decreased solubility of natrophosphate in solution.   
 
 50
Figure 3.16. Comparision of Experimental Data with ESP Predictions for the NaF - 
Na3PO4 - 1 m NaNO3 - NaOH system at 25°C. 
Experimental uncertainty and error analysis calculations are provided in 
Appendix D.  The uncertainty in phosphate molality ranged from <0.01 m to 0.08 m.  For 
fluoride molality, the experimental uncertainty ranged from <0.01 m to 0.02 m. 
 The experimental data and ESP predictions for the system in 3 m NaNO3 at 25°C 
are given in Figure 3.17. The solids formation was similar to that of solids formed in the 
NaF - Na3PO4 - 1 m NaNO3  - NaOH system. In most cases, the concentrations of 
fluoride and phosphate anions in the solution obtained from the experiments were lower 
than the ESP predictions. Again, the presence of caustic in the solution served to decrease 
the solubility of natrophosphate in solution. 
Error analysis showed that the experimental data were significantly different from 





there was no significant difference between the experimental data and the ESP 
predictions at 1 m NaOH.   
 
Figure 3.17. Comparision of Experimental Data with ESP Predictions for the NaF - 
Na3PO4 - 3 m NaNO3 - NaOH system at 25°C. 
 At the outset of this work, one objective was to determine the effect of nitrate on 
the solubility of natrophosphate.  Nitrate is the major anion present in the tank waste at 
Hanford. The effect of nitrate is more clearly observed in Figures 3.18 and 3.19. Figure 
3.18 compares the solubility envelope measured for the Na - F - PO4 system in water at 
25°C [25], with the experimental data in 1 m NaNO3 and 3 m NaNO3 solutions from this 
work. 
 Figure 3.19 compares the solubility envelope measured for natrophosphate in 1m 
NaOH at 25°C, with the experimental data in 1 m NaNO3 and 3 m NaNO3 solutions from 




trisodium phosphate, with the major suppression occurring in solutions lean in fluoride 
ion. The current thermodynamic description for the Na-F-PO4 system in ESP 
overestimates the solubility of both natrophosphate and trisodium phosphate in nitrate 
solutions.  It can be seen from the Figure 3.18 that the phosphate solubility is suppressed 
by the addition of NaNO3 solutions. The experimental data measured in this work will, 
once incorporated into the ESP thermodynamics database, provide for improved 
predictions of the solubility in this important system and will properly describe the effect 
of hydroxide ion and of nitrate ion on the solubility of natrophosphate. 
  
 


















3.5.2 NaF - Na3PO4 - NaNO3 - NaOH System at 50°C 
 Predictions were performed using ESP for the NaF - Na3PO4 - NaNO3 - NaOH 
system at 50°C and the solubility envelopes in water, 1 m NaOH, and 3 m NaOH 
solutions for the system are plotted along with the experimental data in Figure 3.20. 
Figure 3.20. Comparision of Experimental Data with ESP Predictions for the NaF - 
Na3PO4 - 1 m NaNO3 - NaOH system at 50°C.  
 
 
 The ESP predictions are shown as solid lines with closed symbols and the open 
symbols represent the experimental data. The molality of fluoride and phosphate in the 
solution obtained from the experiments was found to be significantly different from that 
of the ESP predicted values.  At 50°C, the presence of nitrate in the samples containing 
only phosphate and no fluoride resulted in experimental solubilities that were 
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significantly lower than the predicted pure component trisodium phosphate solubilities in 
water, 1 m NaOH and 3 m NaOH. For example, in water, the experimental pure 
component solubility of trisodium phosphate was 0.82 + 0.05 m, while the ESP 
prediction was 1.48. The difference between measured and predicted solubilities is not 
accounted for when considering by the experimental uncertainty in the measured value.   
A comparison plot of the experimental data and ESP predictions for the system in 
3 m NaNO3 at 50°C is shown in Figure 3.21. Again, ESP predictions for the solubility 
were much larger than the experimentally measured values, particularly in the low 
fluoride region.  At higher fluoride concentrations (> 0.1 m F), the experimental data are 
in good agreement with the ESP predictions.  Error analysis was performed on the 
experimental measurements.  The results for the experimental uncertainty for each data 
point are reported in Appendix D.  
At 50°C, the solids obtained from the various equilibrated samples were 
examined using PLM and included trisodium phosphate orthophosphate, natrophosphate 
double salt, and pure sodium fluoride crystals. The horizontal part of the solubility 
envelope was associated with trisodium phosphate crystals. The invariant point was 
associated with both phosphate solids and natrophosphate double salt. The smooth curve 
was associated with only the double salt. The vertical slope after the invariant point was 
associated with pure sodium fluoride crystals. A sample crystal image of the 





Figure 3.21.  Comparision of Experimental Data with ESP Predictions for the NaF - 
Na3PO4 - 3 m NaNO3 - NaOH system at 50°C. 
 




SUMMARY AND CONCLUSIONS 
 
4.1 Conclusion 
In this research, solubility measurements for select sodium salts, present in the 
waste tanks at the Hanford nuclear waste site, were performed. The experiments were 
conducted using 1 m and 3 m NaOH solutions and in water at 25°C and 50°C. 
Measurements were completed for the following systems: 1) NaF - NaNO3 – NaOH; 2) 
Na3PO4 - NaNO3 – NaOH; 3) NaF - Na3PO4 - 1m NaNO3 – NaOH; and 4) NaF - Na3PO4 
- 3m NaNO3 - NaOH. The experimental data were then compared to ESP predictions and 
to literature data, when available. The validity of the experimental procedures employed 
for the solubility measurements was established through the comparison with existing 
literature data.  Error analysis was also performed on the experimental measurements and 
it was determined that the error associated with reported molalities was, on average, 0.02 
m with a range of <0.01 to 0.25 m. 
Comparison of ESP predictions with saltcake dissolution experiments on core 
samples of the wastes at Hanford have revealed deficiencies within ESP with respect to 




liquid phases. The experiments conducted here serve to provide an experimental basis for 
improvements to the ESP code with respect to the partitioning of these species. ESP will 
continue to be used at Hanford to provide important predictions for waste processing 
operations. As an example, ESP is used to determine the amount of water required to 
dissolve a certain portion of saltcake from a tank. If ESP underestimates the solubility of 
a salt present in the tank, additional water may be required to achieve the desired degree 
of dissolution.  Due to limited tank space available for waste processing and transfers at 
Hanford, this situation could potentially lead to delays in waste remediation.  Thus, it is 
highly desirable to upgrade the ESP database with the experimental results obtained in 
this thesis, so that predictions of process operations will be more reliable.  
The experimental data obtained from this study are being regressed to obtain 
updated interaction parameters to describe the interactions present between the various 
binary pairs of ions [34]. These interaction parameters will then be incorporated into the 
private ESP database.  This will result in improved accuracy in predicting waste behavior 
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The anion concentrations obtained from the ESP software were compared to those 
obtained from the IC. The IC was capable of analyzing F-, NO3- and PO4 -3 ions. ESP 
simulations predicted a liquid phase NO3- concentration in the range of 0-200,000 ppm, 
PO4 -3 concentration in the range of 0-150,000 ppm and F- concentration in the range of 0-
8,000 ppm. The filtered samples were diluted for IC analysis. The following ranges were 
used with the Dionex 500 Series IC to analyze a sample for a particular anion: 
1. F- ion: 1 to 30 ppm 
2. NO3- ion: 2 to 100 ppm 
3. PO4 -3 ion: 5 to 150 ppm 
All dilutions were based on mass. At times, the same sample required different 
dilution factors to allow for analysis of two different anions. For example, in one sample, 
a dilution factor of 10 was required to achieve a fluoride ion concentration in the range of 
1 to 30 ppm, while a dilution factor of 1000 was required to achieve a nitrate ion 
concentration in the range of 2 to 100 ppm.  In a case such as this, the sample solution 
was diluted 10 times to achieve the desired concentration range for fluoride ion.  This 
diluted sample solution was then diluted 100 times to give a total dilution of 1000 times 
and a nitrate concentration in the required calibration range. The diluted samples were 
then analyzed by IC to get the actual concentration of the sample solutions for F-, NO3- 





















































NaF - NaNO3 - H2O at 25°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
F (m) NO3 (m) F (m) NO3 (m) F (m) NO3 (m) ESP This Work 
         
25W1.1F0N         0.99 0.00 1.03 0.00 0.02 <0.01 F F
25W0.8F1N         0.70 1.00 0.73 1.03 0.02 0.02 F F
25W0.6F3N         0.45 2.95 0.49 3.49 0.01 0.06 F F
25W0.5F5N         0.33 5.00 0.30 5.16 0.02 0.02 F F
25W0.4F7N         0.27 7.00 0.22 7.16 0.01 0.02 F F
25W0.3F11N         0.20 10.85 0.11 10.84 0.01 0.04 F F + N
25W0.1F11N         0.11 10.87 0.11 10.74 <0.01 0.07 F + N F + N
25W0F11N         0.00 10.91 0.00 10.63 <0.01 0.04 N N
 
F = NaF 








Table B.2. Solubility Data for the NaF - NaNO3 - 1 m NaOH System at 25°C. 
 
 
NaF - NaNO3 - 1 m NaOH at 25°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
F (m) NO3 (m)  F (m) NO3 (m) F (m) NO3 (m) ESP This Work 
1H25 0.7F0N         0.58 0.00 0.60 0.00 0.02 <0.01 F F
1H25 0.6F1N         0.43 1.14 0.41 1.23 0.02 0.01 F F
1H25 0.4F3N         0.29 3.59 0.23 3.88 0.02 0.02 F F
1H25 0.4F5N         0.23 5.98 0.15 6.19 0.02 0.02 F F
1H25 0.3F7N         0.19 8.37 0.10 8.79 0.01 0.03 F F
1H25 0.3F9N         0.18 8.88 0.10 8.95 0.01 0.03 F F + N
1H25 0.3F10N         0.18 9.27 0.09 8.91 0.01 0.03 F + N F + N
1H25 0.1F10N         0.11 9.28 0.12 9.54 0.01 0.03 F + N F + N
1H25 0F10N         0.00 9.31 0.00 9.55 <0.01 0.03 N N











Table B.3. Solubility Data for the NaF - NaNO3 - 3 m NaOH System at 25°C. 
 
 
NaF - NaNO3 - 3 m NaOH at 25°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
F (m) NO3 (m)  F (m) NO3 (m) F (m) NO3 (m) ESP This Work 
3H 25 0.4F0N         0.25 0.00 0.27 0.00 0.03 <0.01 F F
3H 25 0.3F1N         0.21 1.28 0.19 1.39 0.02 0.02 F F
3H 25 0.3F3N         0.17 3.44 0.16 3.92 <0.01 0.01 F F
3H 25 0.3F5N         0.15 5.72 0.11 5.73 <0.01 0.02 F F
3H 25 0.2F7N 0.14 6.53 0.10 7.31 0.01 0.02 F + N F + N 
3H 25 0.1F7N 0.11 6.54 0.12 7.63 0.01 0.03 F + N F + N 
3H 25 0F7N         0.00 6.55 0.00 7.59 <0.01 0.03 N N















Table B.4. Solubility Data for the NaF - NaNO3 - 5 m NaOH System at 25°C. 
 
 
NaF - NaNO3 - 5 m NaOH at 25°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
F (m) NO3 (m)  F (m) NO3 (m) F (m) NO3 (m) ESP This Work 
5H 25 0.3F0N         0.15 0.00 0.12 0.00 0.01 <0.01 F F
5H 25 0.3F1N         0.14 1.14 0.12 1.26 0.01 <0.01 F F
5H 25 0.3F3N         0.14 2.96 0.07 3.76 0.01 0.01 F F
5H 25 0.2F5N 0.13 4.41 0.05 5.30 0.01 0.02 F + N F + N 
5H 25 0.1F5N 0.12 4.41 0.05 5.56 0.01 0.02 F + N F + N 
5H 25 0F5N         0.00 4.41 0.00 5.57 <0.01 0.02 N N













Table B.5. Solubility Data for the NaF - NaNO3 - H2O System at 50°C. 
 
NaF - NaNO3 - H2O at 50°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
NO3 (m)  F (m) NO3 (m) F (m) NO3 (m) ESP This Work F (m) 
         
50W1.2F0N         1.08 0.00 0.92 0.00 0.01 <0.01 F F
50W0.9F1N         0.75 1.13 0.62 1.43 0.01 0.01 F F
50W0.6F3N         0.47 3.38 0.35 3.55 0.01 0.02 F F
50W0.5F5N         0.35 5.70 0.24 5.95 <0.01 0.03 F F
50W0.5F7N         0.29 7.87 0.17 8.21 <0.01 0.03 F F
50W0.4F9N         0.24 10.15 0.13 10.45 <0.01 0.04 F F
50W0.4F11N         0.21 12.53 0.10 11.90 0.01 0.04 F F + N
50W0.4F13N         0.21 12.88 0.09 12.19 0.01 0.04 F + N F + N
50W0.2F14N         0.20 13.77 0.08 11.70 0.01 0.04 F + N F + N








Table B.6. Solubility Data for the NaF - NaNO3 - 1 m NaOH System at 50°C. 
 
NaF - NaNO3 - 1 m NaOH at 50°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
F (m) NO3 (m) F (m) NO3 (m) F (m) NO3 (m) ESP This Work 
1H50 0.8F1N         0.66 0.00 0.57 0.00 0.01 <0.01 F F
1H50 0.6F1N         0.50 1.14 0.43 2.17 0.01 0.01 F F
1H50 0.5F3N         0.35 3.39 0.29 3.59 <0.01 0.02 F F
1H50 0.4F5N         0.27 5.68 0.20 6.10 <0.01 0.02 F F
1H50 0.4F7N         0.23 8.00 0.13 7.91 <0.01 0.03 F F
1H50 0.3F9N         0.20 10.27 0.07 8.86 0.01 0.03 F F
1H50 0.2F13N 0.19 12.16 0.06 9.69 0.01 0.03 F + N F + N 
1H50 0.1F13N         0.11 12.17 0.11 10.51 0.01 0.03 F + N F + N
1H50 0F13N         0.00 12.18 0.00 9.65 <0.01 0.03 N N










Table B.7. Solubility Data for the NaF - NaNO3 - 3 m NaOH System at 50°C. 
 
 
NaF - NaNO3 - 3 m NaOH at 50°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
F (m) NO3 (m)    F (m) NO3 (m) F (m) NO3 (m) ESP This Work 
3H50 0.4 0N         0.32 0.00 0.27 0.00 0.01 <0.01 F F
3H50 0.3 1N         0.26 1.07 0.22 1.17 0.01 0.00 F F
3H50 0.3 3N         0.19 5.33 0.15 3.19 <0.01 0.01 F F
3H50 0.3 5N         0.19 5.33 0.10 5.46 <0.01 0.02 F F
3H50 0.3 7N         0.17 7.47 0.09 7.61 <0.01 0.03 F F
3H50 0.3 9N          0.17 9.28 0.07 8.32 <0.01 0.03 F F + N
3H50 0.1 10N 0.11 9.28 0.09 9.23 <0.01 0.03 F + N F + N 
3H50 0 10N         0.00 9.28 0.00 9.02 <0.01 0.03 N N












Table B.8. Solubility Data for the NaF - NaNO3 - 5 m NaOH System at 50°C. 
 
 
NaF - NaNO3 - 5 m NaOH at 50°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
F (m) NO3 (m) F (m) NO3 (m) F (m) NO3 (m) ESP This Work 
5H50 0.4 0N         0.19 0.00 0.15 0.00 <0.01 <0.01 F F
5H50 0.3 1N         0.18 1.10 0.12 1.22 <0.01 <0.01 F F
5H50 0.3 3N         0.17 3.33 0.10 3.32 <0.01 0.01 F F
5H50 0.3 5N         0.16 5.54 0.10 5.59 <0.01 0.02 F F
5H50 0.2 7N          0.16 6.88 0.08 8.06 <0.01 0.03 F F + N
5H50 0.1 7N 0.11 6.87 0.07 9.63 <0.01 0.03 F + N F + N 
5H50 0F 7N 0.00 6.86 0.00 10.19 <0.01 0.03 N N 



















































Table C.1. Solubility Data for the Na3PO4 - NaNO3 - H2O System at 25°C. 
 
 
Na3PO4 - NaNO3  - H2O @ 25°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
PO4 (m) NO3 (m) PO4 (m) NO3 (m) PO4 (m) NO3 (m) ESP This Work 
250NW.8P         0.68 0.00 0.54 0.00 0.03 <0.01 P12 P12
251NW.6P         0.51 0.89 0.34 0.81 0.02 0.03 P12 P12
253NW.38P         0.32 2.79 0.18 2.60 0.01 0.10 P12 P12
255NW.3P         0.26 4.72 0.14 4.44 0.01 0.17 P12 P12
257NW.28P         0.25 6.63 0.10 6.27 0.01 0.25 P12 P12
2511NW0P         0.00 10.91 0.00 10.63 <0.01 0.04 N N
         
 
N = NaNO3 
P8 = Na3PO4.  8 H2O 










Table C.2. Solubility Data for the Na3PO4 - NaNO3 - 1 m NaOH System at 25°C. 
 
 
Na3PO4 - NaNO3  - 1 m NaOH @ 25°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
PO4 (m) NO3 (m) PO4 (m) NO3 (m) PO4 (m) NO3 (m) ESP This Work 
250N1H.3P         0.25 0.00 0.17 0.00 0.04 <0.01 P12 P12
25IN1H.18P         0.15 0.97 0.13 0.96 0.03 <0.01 P12 P12
253N1H.13P         0.10 2.94 0.10 2.68 0.03 <0.01 P12 P12
255N1H.11P         0.09 4.90 0.09 4.54 0.02 0.01 P12 P12
257N1H.12P         0.10 6.85 0.08 6.35 0.02 0.01 P12 P12
2510N1H0P         0.00 9.31 0.00 9.55 <0.01 0.03 N N















Table C.3. Solubility Data for the Na3PO4 - NaNO3 - 3 m NaOH System at 25°C. 
 
 
Na3PO4 - NaNO3  - 3 m NaOH @ 25°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
PO4 (m) NO3 (m) PO4 (m) NO3 (m) PO4 (m) NO3 (m) ESP This Work 
250N3H.06P         0.03 0.00 0.04 0.00 0.01 <0.01 P12 P12
251N3H.05P         0.03 0.99 0.04 1.05 0.01 <0.01 P12 P12
253N3H.06P         0.03 2.98 0.04 2.68 0.01 <0.01 P12 P12
255N3H.07P         0.04 4.96 0.04 4.49 0.01 0.01 P12 P12
257N3H.09P         0.05 6.50 0.04 5.87 0.01 0.01 P12 P12
257N3H0P         0.00 6.55 0.00 7.59 <0.01 0.03 N N















Table C.4. Solubility Data for the Na3PO4 - NaNO3 - H2O System at 50°C. 
 
 
Na3PO4 - NaNO3  - H2O @ 50°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
PO4 (m) NO3 (m) PO4 (m) NO3 (m) PO4 (m) NO3 (m) ESP This Work 
500NW2.7P         1.67 0.00 1.43 0.00 0.09 <0.01 P8 P8
501NW2.4P         1.56 0.66 0.82 0.55 0.05 0.02 P8 P8
503NW2.3P         1.33 2.08 0.48 1.41 0.03 0.06 P8 P8
505NW1.6P         1.15 3.74 0.31 2.75 0.02 0.01 P8 P8
507NW1.35P         1.02 5.45 0.41 3.61 0.03 0.01 P8 P8
5014NW0P         0.00 13.80 0.00 11.14 <0.01 0.03 N N















Table C.5. Solubility Data for the Na3PO4 - NaNO3 - 1 m NaOH system at 50°C. 
 
 
Na3PO4 - NaNO3  - 1 m NaOH @ 50°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
PO4 (m) NO3 (m) PO4 (m) NO3 (m) PO4 (m) NO3 (m) ESP This Work 
500N1H2.1P         1.42 0.00 0.82 0.00 0.05 <0.01 P8 P8
501N1H1.85P         1.29 0.72 0.49 0.58 0.03 0.02 P8 P8
503N1H1.45P         1.07 2.30 0.39 1.78 0.02 0.07 P8 P8
505N1H1.2P         0.92 4.00 0.30 3.21 0.02 0.01 P8 P8
507N1H1.05P         0.82 5.74 0.25 3.81 0.02 0.01 P8 P8
5013N1H0P         0.00 12.07 0.00 9.65 <0.01 0.03 N N















Table C.6. Solubility Data for the Na3PO4 - NaNO3 - 3 m NaOH System at 50°C. 
 
Na3PO4 - NaNO3  - 3 m NaOH @ 50°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
PO4 (m) NO3 (m) PO4 (m) NO3 (m) PO4 (m) NO3 (m) ESP This Work 
         
500N3H1.0P         0.79 0.00 0.43 0.00 0.03 <0.01 P8 P8
501N3H0.85P         0.70 0.85 0.19 0.68 0.01 0.03 P8 P8
503N3H0.76P         0.59 2.60 0.19 1.64 0.01 0.07 P8 P8
505N3H0.68P         0.55 4.39 0.39 5.10 0.02 0.02 P8 P8
507N3H0.66P         0.55 6.16 0.40 7.37 0.03 0.03 P8 P8
































Table D.1. Solubility Data for the Na3PO4 - NaF - 1 m NaNO3 - H2O System at 25°C. 
 
Na3PO4 - NaF - 1 m NaNO3 - H2O @ 25°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
F (m) PO4 (m)  F (m) PO4 (m) F (m) PO4 (m) ESP This Work 
         
25FP1NW-0         0.00 0.51 0.00 0.33 <0.01 <0.01 P12 P12
25FP1NW-1         0.01 0.51 0.01 0.33 0.01 0.02 P12 P12
25FP1NW-2         0.02 0.48 0.01 0.32 0.01 0.02 P12 + DS P12 + DS
25FP1NW-3         0.04 0.36 0.01 0.31 <0.01 0.02 DS DS
25FP1NW-4         0.12 0.25 0.08 0.17 0.01 0.02 DS DS
25FP1NW-5         0.23 0.18 0.18 0.10 0.02 0.01 DS DS
25FP1NW-6         0.36 0.14 0.37 0.08 <0.01 0.01 DS DS
25FP1NW-7         0.47 0.12 0.52 0.05 <0.01 0.01 DS DS
25FP1NW-8         0.61 0.10 0.62 0.05 0.01 <0.01 DS DS
25FP1NW-9         0.63 0.10 0.63 0.04 0.01 <0.01 DS DS
25FP1NW-10 0.62 0.10 0.63 0.04 0.01 <0.01 DS + F DS + F 
25FP1NW-11 0.62 0.10 0.65 0.05 0.01 <0.01 DS + F DS + F 
25FP1NW-12         0.69 0.00 0.72 0.00 0.01 <0.01 F F
 
F = NaF 
P8 = Na3PO4.  8 H2O 
P12 = Na3PO4. 12 H2O. 0.25 NaOH 










Table D.2. Solubility Data for the Na3PO4 - NaF - 1 m NaNO3 - 1 m NaOH System at 25°C. 
 
Na3PO4 - NaF - 1 m NaNO3 - 1 m NaOH @ 25°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
F (m) PO4 (m) F (m) PO4 (m) F (m) PO4 (m) ESP This Work 
25FP1N1H-0         0.00 0.15 0.00 0.12 <0.01 0.02 P12 P12
25FP1N1H-1         0.01 0.15 0.01 0.13 0.01 0.01 P12 P12
25FP1N1H-2         0.02 0.15 0.02 0.13 <0.01 0.01 P12 P12
25FP1N1H-3         0.03 0.15 0.03 0.12 0.01 0.01 P12 + DS P12 + DS
25FP1N1H-4         0.03 0.14 0.03 0.12 0.01 0.01 P12 + DS P12 + DS
25FP1N1H-5         0.13 0.07 0.13 0.06 0.01 0.02 DS DS
25FP1N1H-6         0.25 0.05 0.26 0.04 0.01 0.01 DS DS
25FP1N1H-7         0.37 0.04 0.38 0.03 0.01 0.02 DS DS
25FP1N1H-8         0.36 0.04 0.39 0.03 0.01 0.02 DS DS
25FP1N1H-9 0.42 0.04 0.44 0.03 0.01 0.02 DS + F DS + F 
25FP1N1H-10         0.44 0.00 0.45 0.00 0.01 <0.01 F F








Table D.3. Solubility Data for the Na3PO4 - NaF - 1 m NaNO3 - 3 m NaOH System at 25°C. 
 
Na3PO4 - NaF - 1 m NaNO3 - 3 m NaOH @ 25°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
F (m) PO4 (m) F (m) PO4 (m) F (m) PO4 (m) ESP This Work 
         
25FP3NW-1         0.00 0.32 0.00 0.23 <0.01 0.06 P12 P12
25FP3NW-2         0.01 0.32 0.00 0.23 <0.01 0.06 P12 + DS P12 + DS
25FP3NW-3         0.01 0.32 0.01 0.19 <0.01 0.05 P12 + DS P12 + DS
25FP3NW-4         0.01 0.31 0.01 0.21 <0.01 0.05 P12 + DS P12 + DS
25FP3NW-5         0.02 0.23 0.01 0.22 <0.01 0.06 DS DS
25FP3NW-6         0.10 0.11 0.08 0.09 <0.01 0.03 DS DS
25FP3NW-7         0.23 0.07 0.20 0.05 0.01 0.01 DS DS
25FP3NW-8         0.37 0.06 0.34 0.03 0.01 <0.01 DS DS












Table D.4. Solubility Data for the Na3PO4 - NaF - 3 m NaNO3 - H2O System at 25°C. 
 
Na3PO4 - NaF - 3 m NaNO3 - H2O @ 25°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
F (m) PO4 (m)  PO4 (m) PO4 (m) ESP This Work F (m) F (m) 
         
25FP3NW-1 0.00 0.32 0.00 0.23    P12 <0.01 0.06 P12
25FP3NW-2 0.01 0.32    0.06 P12 + DS P12 + DS 0.00 0.23 <0.01
25FP3NW-3    0.19 <0.01 0.05 P12 + DS P12 + DS 0.01 0.32 0.01
25FP3NW-4     <0.01  P12 + DS  0.01 0.31 0.01 0.21 0.05 P12 + DS
25FP3NW-5  0.23 0.01   0.06   0.02 0.22 <0.01 DS DS
25FP3NW-6  0.11   <0.01   DS 0.10 0.08 0.09 0.03 DS
25FP3NW-7 0.23   0.05   DS  0.07 0.20 0.01 0.01 DS
25FP3NW-8   0.34   <0.01   0.37 0.06 0.03 0.01 DS DS











Table D.5. Solubility Data for the Na3PO4 - NaF - 3 m NaNO3 - 1 m NaOH System at 25°C. 
 
 
Na3PO4-NaF-3 m NaNO3- 1 m NaOH @ 25°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
F (m)  F (m) PO4 (m) PO4 (m) F (m) PO4 (m) ESP This Work 
         
25FP3N1H-1   0.00 0.11 <0.01  P12 P12 0.00 0.10 0.03
25FP3N1H-2  0.10 0.01  <0.01 0.03 P12 P12 0.01 0.10
25FP3N1H-3  0.10   <0.01 0.03   0.02 0.02 0.11 P12 P12
25FP3N1H-4 0.02   0.10 <0.01  P12 + DS P12 + DS 0.10 0.01 0.03
25FP3N1H-5 0.04 0.08 0.02 0.07  0.02 DS DS <0.01
25FP3N1H-6 0.08 0.06 0.07 0.04 <0.01 0.01 DS DS 
25FP3N1H-7 0.14  0.13  <0.01 0.01 DS  0.04 0.03 DS
25FP3N1H-8        DS 0.26 0.03 0.25 0.02 <0.01 0.01 DS
25FP3N1H-9 0.30 0.03 0.28 0.02 0.01 DS + F 0.01 DS + F 








Na3PO4 - NaF - 3 m NaNO3 - 3 m NaOH @ 25°C 
 
Table D.6. Solubility Data for the Na3PO4 - NaF - 3 m NaNO3 - 3 m NaOH System at 25°C. 
 
 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
F (m) PO4 (m) F (m) PO4 (m) F (m) PO4 (m) ESP This Work 
         
25FP3N3H-1   0.00  <0.01  P12  0.00 0.03 0.10 0.03 P12
25FP3N3H-2 0.01  0.01  <0.01 0.03 P12 P12 0.03 0.10
25FP3N3H-3 0.02  0.01  <0.01  P12  0.03 0.10 0.03 P12
25FP3N3H-4 0.02  0.02  <0.01  DS  0.03 0.08 0.02 DS
25FP3N3H-5 0.06  0.04  <0.01  DS  0.02 0.06 0.02 DS
25FP3N3H-6 0.12  0.09  <0.01  DS  0.01 0.04 0.01 DS
25FP3N3H-7 0.15 0.18 0.01 DS + F 0.01 0.02 0.01 DS + F 
25FP3N3H-8  0.01 0.21 0.01 0.01 <0.01 F F 0.23













Table D.7. Solubility Data for the Na3PO4 - NaF - 1 m NaNO3 - H2O System at 50°C. 
 
 
Na3PO4 - NaF - 1 m NaNO3 - H2O @ 50°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
F (m) PO4 (m) F (m) PO4 (m) F (m) PO4 (m) ESP This Work 
         
50FP1NW-0 0.00 1.48 0.00 0.82 <0.01 0.05 P8  P8
50FP1NW-1 0.00 P8 + DS P8 + DS 1.48 0.01 0.63 <0.01 0.04 
50FP1NW-2       DS DS 0.07 0.56 0.09 0.58 <0.01 0.04
50FP1NW-3 0.21 0.41 0.18 0.40 <0.01 0.02 DS  DS
50FP1NW-4       DS  0.29 0.37 0.25 0.34 <0.01 0.02 DS
50FP1NW-5       DS  0.46 0.30 0.37 0.23 <0.01 0.01 DS
50FP1NW-6       DS + F  0.59 0.27 0.49 0.19 0.01 0.01 DS
50FP1NW-7 0.63 0.20 0.61 0.15 0.01 0.01 DS + F DS + F 











Table D.8. Solubility Data for the Na3PO4 - NaF - 1 m NaNO3 - 1 m NaOH System at 50°C. 
 
 
Na3PO4 - NaF - 1 m NaNO3 - 1 m NaOH @ 50°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
PO4 (m) F (m) PO4 (m)  F (m) PO4 (m) ESP This Work F (m) 
         
50FP1N1H-0 0.00 1.26 0.00 0.37 <0.01 0.04 P8 P8 
50FP1N1H-1 0.00 1.01   <0.01 0.06 DS P8 + DS 0.00 0.50
50FP1N1H-2 0.00  0.00      0.75 0.37 <0.01 0.04 DS DS
50FP1N1H-3         0.03 0.41 0.03 0.39 0.01 0.04 DS DS
50FP1N1H-4 0.12 0.23 0.12 0.32 0.01 0.03 DS DS 
50FP1N1H-5         0.27 0.15 0.32 0.21 0.01 0.02 DS DS
50FP1N1H-6         0.44 0.12 0.40 0.14 0.01 0.02 DS DS
50FP1N1H-7          0.46 0.12 0.41 0.14 0.01 0.02 DS + F DS
50FP1N1H-8          0.47 0.10 0.43 0.10 0.01 0.01 DS + F F









Table D.9. Solubility Data for the Na3PO4 - NaF - 1 m NaNO3 - 3 m NaOH System at 50°C. 
 
Na3PO4 - NaF - 1 m NaNO3 - 3 m NaOH @ 50°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
PO4 (m)   F (m) F (m) PO4 (m) PO4 (m) ESP This Work F (m) 
         
50FP1N3H-0     <0.01 0.02 P8 P8 0.00 0.64 0.00 0.16
50FP1N3H-1 0.00 0.64  0.14 <0.01  P8 + DS  0.00 0.02 P8 + DS
50FP1N3H-2   0.00 0.15     0.00 0.52 <0.01 0.02 P8 + DS DS
50FP1N3H-3   0.00 0.15 <0.01 0.02 DS DS 0.01 0.20
50FP1N3H-4 0.06 0.18 0.04      0.14 <0.01 0.02 DS DS
50FP1N3H-5   0.11      0.12 0.05 0.11 <0.01 0.01 DS DS
50FP1N3H-6   0.17      0.25 0.03 0.07 <0.01 0.01 DS DS
50FP1N3H-7 0.25 0.03 0.20 0.06 0.01 0.01 DS + F DS + F 
















Na3PO4 - NaF - 3 m NaNO3 - H2O @ 50°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
  PO4 (m) F (m) PO4 (m) ESP This Work PO4 (m) F (m)F (m) 
         
50FP3NW-1      0.08 P8  0.00 1.31 0.00 0.70 <0.01 P8
50FP3NW-2 0.00 1.33 0.00 0.65 <0.01 0.08 P8 + DS P8 + DS 
50FP3NW-3 0.00 1.18 0.00 0.68 <0.01 0.08   DS DS
50FP3NW-4      0.06   0.00 0.94 0.00 0.51 <0.01 DS DS
50FP3NW-5      0.06   0.01 0.62 0.00 0.50 <0.01 DS DS
50FP3NW-6      0.02   0.24 0.20 0.29 0.21 0.01 DS DS
50FP3NW-7 0.44 0.15 0.40 0.17 0.01 0.02 DS + F DS + F 











Table D.11. Solubility Data for the Na3PO4 - NaF - 3 m NaNO3 - 1 m NaOH System at 50°C. 
 
 
Na3PO4 - NaF - 3 m NaNO3 - 1 m NaOH @ 50°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
PO4 (m)    This Work F (m) PO4 (m) F (m) PO4 (m) ESP F (m) 
         
50FP3N1H-1 0.00 1.03 0.00 0.29 <0.01 0.03 P8 P8 
50FP3N1H-2        P8 + DS 0.00 1.04 0.00 0.28 <0.01 0.03 P8 + DS
50FP3N1H-3        P8 + DS 0.00 0.75 0.00 0.26 <0.01 0.03 DS
50FP3N1H-4        DS 0.01 0.45 0.00 0.29 <0.01 0.03 DS
50FP3N1H-5        DS 0.12 0.14 0.13 0.16 0.01 0.05 DS
50FP3N1H-6        DS 0.34 0.08 0.22 0.12 0.01 0.04 DS
50FP3N1H-7 0.34 0.08 0.24 0.13 0.01 0.04 DS + F DS + F 













Table D.12. Solubility Data for the Na3PO4 - NaF -3 m NaNO3 - 3 m NaOH System at 50°C. 
 
 
Na3PO4 - NaF -3 m NaNO3 - 3 m NaOH @ 50°C 
ESP Prediction This Work Expt. Uncertainty Solid Phase ID 
SAMPLE 
F (m) F (m) PO4 (m) F (m) PO4 (m) ESP This Work 
         
50FP3N3H-1   0.00 0.25     0.00 0.63 <0.01 0.03 P8 P8
50FP3N3H-2    0.20 <0.01  P8 + DS P8 + DS 0.00 0.61 0.00 0.02
50FP3N3H-3         0.00 0.40 0.00 0.18 <0.01 0.02 P8 + DS DS
50FP3N3H-4         0.09 0.06 0.04 0.14 <0.01 0.04 DS DS
50FP3N3H-5 0.23 0.04 0.09 0.10 0.01 0.03 DS + F DS + F 
50FP3N3H-6 0.24 0.04 0.12 0.10 0.01 0.03 DS + F DS + F 
50FP3N3H-7   0.15      0.24 0.00 0.00 0.01 <0.01 F F














































The experiments are prone to error due to a number of reasons. The possible errors 
are listed below: 
1) Errors occurring due to solid transfer from the analytical balance to the sample 
container are important sources of error. There is a possibility of salt sticking to 
the filter paper and some fragments of salt falling out of the container during 
transfer. . 
2) Errors in weighing of the salts and solutions with the analytical balance are major 
sources of experimental errors. In some cases, balances accurate to only + 0.01 g 
had to be used instead of the more precise balance (accurate up to + 0.0001 g). 
Also, during dilution of filtrates, small errors in the measured weight can lead to 
significant errors in the calculation of the final result due to the large dilution 
factors used. 
3) Errors occurring during filtration are one of the most significant error sources. 
During filtration, the minute solids sometimes escape through the pores of the 
filter paper and/or clog up the holes in the filter. Also, not all solids can be 
removed from the sample bottles. A small amount of solids adheres to the screw 
fitting of the bottle cap and also in the corners of the bottles.  These cannot be 
removed completely. These give rise to a significant contribution to the error 
4) Errors during analysis by Ion Chromatographic and the errors in the calibration of 
the IC contribute to the error in the final result.  
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5) Calculation errors are very common source of errors. Discrepancies in the 
calculation arise due to the water of the hydration present in crystals.  These must 
be properly accounted for in the data analysis. 
 
Uncertainty in an experimental value is determined through use of a technique 
called propagation of errors, or error analysis. In experimental work, the various 
quantities that are measured will have errors associated with them. These may be either 
systematic or random errors or a combination of both. Often, the error can be 
approximated by estimating the "least count" of a reading [35]. If a number of 
measurements of a quantity are available so that the standard deviation can be 
determined, then it can be used as a measure of the error in a single measurement.  
The measurements made in the course of an experiment are usually not the final 
result, but are used in conjunction with a mathematical expression, which is used to 
calculate the results. It is of interest to determine the error in the calculated result given 
the errors in the measurements, which were used. 
The relationship between the measured quantities (x, y, z…) in an experiment and 
some result (R) is given by 
R= (x, y, z, ..) 
The measurements will each have associated errors given by (δx, δy, δz,..). By 
means of a Taylor expansion, the change in R is expressed in terms of changes associated 
with the other variables. 
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fδR     (F-3) 
In this expansion, the higher order terms have been neglected. As it stands, the 
above expression takes into account the effect of the algebraic sign of the changes (δx, δy, 
δz,..). Such a relation can be used to correct R for the effects of known systematic errors, 
but this is not practical when the errors are random in nature. This is because the standard 
deviation calculated in the case of random errors has no sign associated with it. 
For the case of random errors, an expression for the error associated with R is 
derived. To simplify the algebra, only two independent variables, x and y, are considered. 
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Rσ   (F-5) 
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If the measured values, xi and yi, are completely independent, then there will be 
no correlation in the errors and δyi. This means that, on the average, the product δxi δyi is 
just as likely to be positive as negative, and the sum on the extreme right will be zero. 
The first two summations are in fact the variances in x and y, respectively. In the 


























σσσ    (F-6) 
Here the partial derivatives are evaluated using the mean values of the 
independent variables. If the errors used in the above expression represent the errors in a 
single measurement, then the error in R will also be for a single measurement. It should 
be evident that the error associated with the mean value of R will be given by a similar 
expression in which the errors in the mean values of x and y are used. 
 The Taylor expansion method is applied in this work to determine the error in the 
experiments. The solubility data are based upon the molality of the ions. Molality 
depends upon the measurements of overall ppm (P), the total solution weight (X), weight 
of solids (Y) and the weight of the solvent (Z). 
M = P * (X-Y)/Z      (F-7) 
M = f (P, X, Y, Z) 
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The overall ppm (P) is a function of the average ppm (A), and dilution factors 1, 2 
and 3.  
filtrateWeight of 
























=     (F-9) 
P = f (A, B, C, D, E, F, G) 
where: 
 B, D, F = Weights of Filtrate plus Water for Dilutions 1, 2, and 3 respectively 
 C, E, G = Weights of Filtrate for Dilutions 1, 2, and 3 respectively 
The uncertainty (σP) in the overall ppm (P) is calculated using the Taylor's 





















































































=  (F-10) 




























































σ*Pσ GFEDCBAP   (F-11) 
where: 
σA = ± 1% value of ppm 
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σB, σC, σD, σE = ± 0.0001 g 
σF, σG = ± 0.01 g 
The values obtained from this formula are then used to calculate the uncertainty in the 
final molality values. 
The uncertainty in the molality (σM) is calculated using Equation (F-7).  The Taylor 
series expansion method was applied to Equation (F-7) to generate the following 

















































=    (F-12) 
 
Upon differentiation, the experimental uncertainty associated with molality is found: 




















YXσ   (F-13) 
 
where: 
σP = Uncertainty in the average ppm obtained Equation (F-12) 




























































































Figure F.8. Solubility Chart for the NaF - Na3PO4 - 3 m NaNO3 - NaOH System at 50oC including Experimental Errors. 
 
 
 
